Abstract Intracerebral microdialysis enables continuous measurement of changes in brain biochemistry. In this study intracerebral microdialysis was used to assess changes in cytokine levels after tumor resection and in response to treatment with temsirolimus. Brain tumor patients undergoing craniotomy participated in this non-therapeutic study. A 100 kDa molecular weight cut-off microdialysis catheter was placed in peritumoral tissue at the time of resection. Cohort 1 underwent craniotomy only. Cohort 2 received a 200 mg dose of intravenous temsirolimus 48 h after surgery. Dialysate samples were collected continuously for 96 h and analyzed for the presence of 30 cytokines. Serial blood samples were collected to measure systemic cytokine levels. Dialysate samples were obtained from six patients in cohort 1 and 4 in cohort 2. Seventeen cytokines could be recovered in dialysate samples from at least 8 of 10 patients. Concentrations of interleukins and chemokines were markedly elevated in peritumoral tissue, and most declined over time, with IL-8, IP-10, MCP-1, MIP1b, IL-6, IL-12p40/p70, MIP1a, IFN-a, G-CSF, IL-2R, and vascular endothelial growth factor significantly (p \ 0.05) decreasing over 96 h following surgery. No qualitative changes in intracerebral or serum cytokine concentrations were detected after temsirolimus administration. This is the first intracerebral microdialysis study to evaluate the time course of changes in macromolecule levels in the peritumoral microenvironment after a debulking craniotomy. Initial elevations of peritumoral interleukins and chemokines most likely reflected an inflammatory response to both tumor and surgical trauma. These findings have implications for development of cellular therapies that are administered intracranially at the time of surgery.
Introduction
Despite advances in molecularly targeted therapies for cancer, effective pharmacologic treatment for the vast majority of malignant brain tumors remains elusive. In addition to targeted agents, engineered cellular therapies and viral vectors injected directly into the brain are being investigated as potential new treatments for brain cancer. Although these local therapies are typically administered at the time of craniotomy for tumor resection, some cellularbased therapies also take advantage of their ability to distribute throughout the brain. The migration of genetically-modified neural stem cells to tumor cells in the brain, for example, is mediated by certain cytokines, such as interleukin-6 (IL-6) [1] and vascular endothelial growth factor (VEGF) [2, 3] . A better understanding of changes that occur in the peritumoral microenvironment during the early post-operative period could influence further development of these therapies.
Microdialysis is a technique for continuously analyzing the concentration of a drug or biomolecule in the extracellular fluid of body tissues, without significantly disturbing the function of these tissues [4] [5] [6] . It is an accepted research tool for monitoring changes in neurochemistry from acute brain injury [7] [8] [9] [10] [11] [12] [13] . More recently, we [14] [15] [16] and others [17, 18] have applied microdialysis to the pharmacologic monitoring of drug levels in brain tissue.
There has also been interest in exploring the use of this sampling technique to measure intracerebral levels of macromolecules, such as cytokines. In this study, we examined the feasibility of using a microdialysis catheter whose semi-permeable membrane has a molecular weight (MW) cut-off of 100 kDa, to determine the type and time course of cytokine changes in the brain after a debulking craniotomy. We also wanted to investigate whether this microdialysis catheter could be used to assess the neuropharmacodynamics of a targeted agent by measuring changes in intracerebral cytokine levels after intravenous administration of temsirolimus (Torisel, Pfizer Inc., New York, NY, USA).
Temsirolimus and its metabolite sirolimus (rapamycin) inhibit the mammalian target of rapamycin (mTOR), an important downstream effector in the phosphatidylinositol 3-kinase/Akt signaling pathway, which is often overactivated in cancer cells. One of mTOR's many functions is to activate the hypoxia inducible factor (HIF)-1a pathway. When HIF-1a binds to VEGF, production of VEGF by the tumor cell is increased, leading to angiogenesis. Inhibiting mTOR should result in decreased levels of VEGF in extracellular fluid. There are also preclinical data showing that treatment with rapamycin can decrease levels of IL-1b, TNF-a, [19] and MCP-1 [20] .
Materials and methods

Study subjects
Subjects who were at least 18 years old, had either a primary or metastatic brain tumor(s), and were planning to undergo a craniotomy for tumor resection were asked to participate in this non-therapeutic pilot study. Because temsirolimus and its active metabolite, sirolimus, are substrates for cytochrome P450 (CYP), patients receiving temsirolimus (cohort 2) could not be taking anti-seizure medications that induce the hepatic CYP isoenzyme system or any concomitant medications that were strong CYP3A4 inducers or inhibitors, except for dexamethasone.
Other inclusion criteria: (a) a Karnofsky performance status (KPS) of C60 %; (b) recovery from toxicity of any prior therapy; (c) adequate bone marrow (absolute neutrophil count C1,500 cells/mm 3 and platelet count C100,000 cells/mm 3 ), hepatic (total bilirubin B2.0 mg/dl; aspartate aminotransferase B49 the upper limit of normal), and renal function (serum creatinine B1.59 the upper limit of normal).
Patients were excluded from the study if they were (a) receiving radiation, chemotherapy, or enrolled in another clinical trial; (b) pregnant or breast feeding; (c) taking anticoagulant medication; (d) allergic to temsirolimus, sirolimus, or dextran; or had (e) uncontrolled diabetes; or (f) a serious medical or psychiatric illness that could potentially interfere with the completion of treatment according to the protocol.
Microdialysis catheters
A 100 kDa cut-off catheter (71 High Cut-Off Brain MD Catheter, membrane length 10 mm, shaft length 100 mm, Ref.
No. 8010320, M Dialysis, Solna, Sweden) was used. This catheter is CE-marked (approved for human use) in Europe. However, because this catheter does not have FDA (510 k) clearance, and because we used a larger single dose of temsirolimus than is approved for routine weekly use, the study was conducted under an Investigational New Drug Application (IND # 102755). The City of Hope Institutional Review Board approved the study, and all participants gave written informed consent. The study was registered at ClinicalTrials.gov (NCT00784914).
Study design
During craniotomy, the microdialysis catheter was inserted into peritumoral brain interstitium within 5 mm of the resection cavity. Proper placement of the catheter was confirmed by postoperative non-contrast CT scan of the brain, after which the catheter was connected to a portable syringe pump (107 MD Pump, Ref. No. P000127, M Dialysis, Solna, Sweden), which perfused it with 2 % dextran 40 at 0.3 lL/min.
The catheter remained in place for 96 h, and dialysate samples were collected continuously every 6 h. After the first 3 subjects in cohort 1 completed study treatment, we decided to also measure serum levels of cytokines every 6 h for comparison. Cohort 2 patients received a 200 mg dose of temsirolimus intravenously 48 h after placement of the microdialysis catheter. This dose was chosen because it is within range of the temsirolimus doses that were assessed in glioma clinical trials [21, 22] , and a previous study [23] documented measurable levels of temsirolimus in the brain with this dose range. During the period of collection, patients were mobile (e.g., able to move from bed to chair or walk around the nurses' station).
Analytical method for determining cytokine concentrations in dialysate and serum
The Human Cytokine Thirty-Plex Antibody Bead Kit (Invitrogen, Camarillo, CA) was used according to manufacturer's instructions. The 30 cytokine panel included: epidermal growth factor (EGF), eotaxin, basic fibroblast growth factor (FGF-basic), granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), hepatocyte growth factor (HGF), interferon alpha ( Cytokine concentrations were measured using the Bio-plex HTF Luminex instrument and results calculated using Bioplex Manager 3.0 Software. The assay was performed using the perfusion fluid containing 2 % dextran 40 as the diluent for the controls. Therefore, the final solutions for both the controls and unknowns were identical. The interassay precision for all cytokines is \10 % and the lower limit of quantitation is between 1 and 15 pg/ml, depending on the target. Data are reported as absolute values that have not been corrected for recovery.
Statistical analysis
Each cytokine was evaluated independently. Initially, we sought to observe a change in cytokine levels due to temsirolimus, but with no evidence of a temsirolimusinduced change, we pooled all time points to better describe the cytokine changes over time. To conduct this analysis, the time courses of log 10 transformed cytokine levels were fit with a linear model separately for each patient. The slope of each resulting linear model (log linear) was treated as an independent observation (one per patient). A one-sample t test was then carried out on these slope values to assess whether the observations were inconsistent with an average slope of zero (no detectable change in cytokine values over time), using a type I error of 5 %. A 95 % confidence interval was also calculated for the average slope. A similar slope analysis was carried out for the serum cytokine values. When there was a clear two phase process, such as with IL-6 in serum, representing an increase in serum cytokine levels due to surgery followed by a decay in the cytokine, a piecewise linear regression was also applied to investigate possible trend changes during the study period. This was to avoid under-reporting a change in cytokines over time when an up-then-down process was apparent.
Results
Patient characteristics
From October 2008 through February 2010, 12 participants were enrolled. Initially the plan was to obtain dialysate samples from six patients in each cohort. A total of eight patients were accrued to the first cohort; one patient withdrew consent shortly after surgery, and another patient's catheter occluded, which prevented the collection of any dialysate samples. Both were replaced so that we were able to obtain dialysate samples from six patients in cohort 1. Only four patients were accrued to cohort 2 because after data analysis of these first 4 participants indicated that further accrual would not change the conclusions, the study was closed.
Placement of the catheters and collection of dialysate samples were tolerated well by all patients. There were no grade 3 or higher adverse events, as assessed by the NCI Common Terminology Criteria for Adverse Events, Version 3.0. Table 1 summarizes characteristics of the 10 patients from whom dialysate samples were collected. All (2) chondrosarcoma (1) glioblastoma (1) glioblastoma (1) leiomyosarcoma (1) low-grade glioma (1) lung cancer (2) Median dose of dexamethasone Start of study period 12 mg 16 mg
End of study period 6 mg 6 mg patients received tapering doses of dexamethasone during the 96 h study period. The median doses of dexamethasone at the beginning and end of the study period were similar between the 2 cohorts.
Recovery of cytokines
Prior to enrolling the first patient, in vitro recovery experiments were performed to determine which cytokines, out of a panel of 30, could be recovered by the microdialysis catheter, and which perfusion fluid resulted in the highest fractional recovery for most cytokines. It was determined that a solution of 2 % dextran 40 perfused at a rate of 0.3 lL/min produced the best in vitro recovery for the majority of cytokines. Please see Supplementary Data for details of the experimental set up and in vitro recovery results (Supplementary Table 1) . Dialysate samples from patients in cohort 1 served to assess baseline cytokine concentrations shortly after craniotomy. Levels of most recoverable cytokines were elevated within the first 8 h after surgery and then decreased over the remainder of the study period, with the greatest decline observed within the first 48 h. Median concentrations and ranges of the 17 intracerebral cytokines detectable initially in at least 8 of 10 patients, along with corresponding cytokine levels in blood at the same time points, are listed in Table 2 . The number of patient dialysate samples containing a particular cytokine decreased over the study period (Table 2 , second column), likely due to concentrations dropping below the level of detection of the assay in many patients by the end of the monitoring period.
In addition to high levels of some pro-inflammatory interleukins, such as IL-8 and IL-6, release of chemokines (MCP-1, MIP-1b, and RANTES) involved in monocyte chemotaxis and activation was detected in study patients. Particularly, levels of MCP-1, a strong chemoattractant for monocytes, lymphocytes, and mesenchymal stem cells in a variety of tumors [24] [25] [26] , were elevated initially. Although MCP-1 concentrations decreased significantly throughout the 96 h monitoring period, they still remained relatively high. We also identified rising levels of IP-10, which is a chemoattractant for T helper cells and an inhibitor of angiogenesis [27] .
In contrast to detecting cytokine levels in brain with a microdialysis catheter, recovery of cytokines from serum was not an issue; however, not all cytokines were measurable in study patients' serum samples at each time point either (Table 2, second column). A likely explanation is that many of the cytokine concentrations in serum were low, often just at the level of detection of the assay, and due to normal fluctuations, these levels sometimes dropped below our ability to detect them. Table 3 displays results of the slope analysis of the logtransformed cytokine values that were found in initial dialysate samples from at least 8 of 10 patients. Data from cohorts 1 and 2 were combined in the analysis because of the lack of an effect of temsirolimus described below. Over the entire 96 h post-surgical period, 11 cytokines in brain interstitial fluid showed a statistically significant (p \ 0.05) decreasing linear trend: IL-8, IP-10, MCP-1, MIP1b, IL-6, IL-12p40/p70, MIP1a, IFN-a, G-CSF, IL-2R, and VEGF. On this log scale, slopes ranged from -0.025 to -0.004.
In contrast to cytokine levels in brain, only MIP-1b showed a statistically significant decreasing linear trend over time in serum (slope of -0.001, p \ 0.03). Applying a piecewise linear regression model to the serum data also identified IL-6 as having a statistically significant increase from 0 to 12 h (p \ 0.01), and then a significant decrease over time after 12 h (p \ 0.02), likely reflecting an acute reaction of IL-6 in serum to surgery.
Caution should be exercised when comparing cytokine levels in serum to those in brain, since the uncorrected cytokine concentrations measured in dialysate (Table 2) are likely underestimations of the true intracerebral levels, given the relatively low in vitro fractional recoveries of many of the cytokines (see Supplementary Table 1) . Keeping this in mind, the following conclusions can be made: (1) for many of the cytokines, intracerebral concentrations were several fold higher than in serum, and (2) with the exception of IL-6, no other corresponding peaks in systemic cytokine production were observed. These data reflect the highly localized nature of the inflammatory response that occurs in the brain due to the presence of tumor and in response to craniotomy.
There were no detectable temsirolimus-specific effects on the time course of intracerebral or serum cytokine levels, as measured by a difference in the estimated slopes of the log-transformed cytokine levels. Figure 1 shows representative temporal profiles of 3 cytokines (IL-6, IP-10, and MCP-1) which were consistently recovered from brain interstitial fluid and serum from the most study patients. The bold lines overlaid on the raw data represent the bestfit linear regression line. Only raw data from dialysate samples were plotted. Since the slope is scale invariant, it was not necessary to use recovery-adjusted values. For IL-6 in serum, we present the piecewise linear regression fit, as noted above, showing that serum levels of IL-6 increased initially and then fell over time.
Discussion
To our knowledge, this is the first microdialysis study to document the time course of cytokine changes that occur in the brain after craniotomy for tumor resection. Despite large inter-patient variability, we observed consistent temporal changes of many macromolecules in the peritumoral tissue. Although it is not clear if the cytokine levels measured in this study reflect baseline concentrations in the tumor microenvironment in addition to acute changes in response to surgery itself, our findings have implications for future development of local therapies for malignant brain tumors.
Assessment of changes in cytokine levels after craniotomy
Dexamethasone inhibits the production and release of proinflammatory cytokines, such as IL-8 [28] , IL-6 [29] , and IL-1b [30] . Despite standard peri-operative dexamethasone use in study patients, a robust, localized inflammatory response was observed in peritumoral tissue; however, the temporal changes in cytokine concentrations do not clarify whether these factors were secreted by the tumor itself or released by the inflammatory response to surgery. Whereas intracerebral levels of most cytokines peak 12-24 h after traumatic brain injury [31] , the initial high levels of macromolecules detected in our patients shortly after tumor resection support their presence in the peritumoral tissue prior to surgery. Furthermore, most of the pro-inflammatory cytokines that were detected early have also been implicated in cancer progression. For example, IL-6 is a key activator of the JAK/Stat pathway in tumors, and IL-8 plays a role in the regulation of angiogenic activity in gliomas [32] [33] [34] . While differences may exist regarding cytokine levels in the peritumoral microenvironment of primary brain tumors versus brain metastases, the small number of patients in this pilot feasibility study precluded our ability to assess possible differences.
Multiple research groups [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] have used intracerebral microdialysis to assess cytokine concentrations, mainly in patients with traumatic brain injury or subarachnoid hemorrhage; however, Marcus et al. [39] used this technique to measure changes in cytokine levels in brain tumor patients after craniotomy. They reported the average concentrations of 8 cytokines (IL-1a, IL-1b, IL-1 receptor antagonist, VEGF, IL-6, IL-8, transforming growth factor alpha, and EGF) during the first 48 h postsurgery, but fluctuations in cytokine levels were not assessed during this period. To our knowledge, our study is not only the first to fully describe the temporal changes in cytokine levels that occur after craniotomy, it also provides the most extensive data set thus far of cytokine concentrations in the peritumoral microenvironment after craniotomy for tumor debulking.
This information may beneficially contribute to the design of therapies that are intracranially administered shortly after tumor resection. For example, local delivery of engineered cellular therapies and viral vectors are being investigated as treatments for malignant brain tumors. Survival of tumor-implanted cells or vectors depends on a supportive tumor milieu, and high levels of inflammatory cytokines can rapidly abolish these therapies before their [24, 25] , thus improving their therapeutic efficacy.
Effect of temsirolimus on intracerebral cytokine levels
One of the objectives of this study was to use microdialysis to assess the effect of temsirolimus on cytokine concentrations in the brain. No temsirolimus-associated effects were observed. One possible explanation is that temsirolimus may not cross the blood-brain barrier sufficiently to achieve therapeutic levels in brain tumor tissue. While Kuhn et al. [23] did report that measurable drug concentrations were present in glioma samples taken from patients receiving 170-250 mg of temsirolimus, it was unclear whether these concentrations were high enough or present for a sufficient amount of time to produce the pharmacologic effect of mTOR inhibition. Moreover, all study subjects received peri-operative dexamethasone, which can increase metabolic elimination of temsirolimus through induction of CYP3A4, and so it is possible that the inability to see an effect of temsirolimus on cytokine levels in the brain or serum was partly due to lower than anticipated systemic exposure of the drug. We believe that a more plausible explanation for the lack of an observable neuropharmacodynamic effect in our study patients is that release of cytokines from other cells in the tumor microenvironment in response to tissue damage from craniotomy prevented detection of any possible temsirolimus effect. In addition to glioma [32, [47] [48] [49] [50] [51] and immune cells (such as microglia and T-cells), other types of cells in the brain can produce cytokines, including capillary endothelial cells, and injured neurons and astrocytes. Thus, the brain's localized inflammatory response to craniotomy may have obscured any cytokine changes due to temsirolimus.
Methodological considerations
Although in vitro fractional recoveries are sometimes used as correction factors for in vivo data (i.e., to estimate true interstitial concentrations), it is problematic to do so because in vitro recovery is rarely an accurate approximation of in vivo recovery, often resulting in underestimating the actual concentration of a biomolecule in brain interstitial fluid. Therefore, we have presented our dialysate data in their uncorrected form only and focused our statistical analysis on the trend in changes of cytokine levels over time, rather than attempting to b Fig. 1 Temporal profiles of representative cytokines in brain interstitial fluid and serum. Raw data for IL-6 (a), IP-10 (b), and MCP-1 (c) in brain interstitial fluid (light blue circles) and serum (pink triangles) from each patient in cohort 1 (open circles/triangles) and cohort 2 (filled circles/triangles) were connected by straight line segments. The fitted bold lines (dark blue for brain interstitial fluid and red for serum) were overlaid on the lined scatter plot. The black arrow indicates the time at which cohort two patients were given a single 200 mg dose of temsirolimus. Note that for IL-6 serum data, a piecewise linear regression analysis (joint point at 12 h) was applied to reflect the trend changes (from increasing to decreasing) during the study period
IL-6
Time (in hours) make conclusions about absolute concentrations of cytokines present in the brain. As documented by other research groups, we found considerable interpatient variability in intracerebral cytokine levels ( Fig. 1) , which can make it difficult to interpret microdialysis data. Nonetheless, we detected significant decreases in levels of many cytokines over the 96 h monitoring period. It makes sense that after acute injury to brain tissue from craniotomy, an inflammatory cytokine response would immediately occur and then gradually decrease, particularly in the presence of dexamethasone. It is also possible that the observed decreasing cytokine levels might be due to deterioration in catheter performance over time. Recovery of macromolecules could be affected by membrane pores becoming clogged with cellular debris, as documented on scanning electron microscopy of 100 kDa MW cut-off catheters [52] . However, there is evidence in the literature [44, 46] and within our own data set in support of the ability of these catheters to maintain their dialysis efficiency over many days. Although concentrations of multiple cytokines significantly decreased over 96 h, levels of others (IL-8, MCP-1, MIP-1b, Il-12p40p70, and IL-RA) remained relatively constant from 48-96 h post-surgery. If catheter performance had deteriorated over time, we would have expected to see a uniform decrease in all cytokine levels at 96 h; nonetheless, it is important to note that differential deterioration in probe function for individual cytokines can occur.
In conclusion, results from this microdialysis study elucidate the time course of cytokine changes that occur in the brain after craniotomy for tumor resection and represent the most extensive data set of baseline post-operative peritumoral cytokine concentrations, documenting the presence of an acute inflammatory response involving the release of chemokines that stimulate monocyte chemotaxis and activation. A more detailed understanding of the inflammatory reaction in the peritumoral microenvironment after surgery could impact further development of locally-delivered therapies for brain tumors.
